The golden-striped salamander ( Chioglossa lusitanica ) is an ecologically specialized species, endemic to north-western Iberia. Patterns of genetic variation were assessed at seven polymorphic enzyme loci and one mitochondrial DNA (mtDNA) marker (cytochrome b ) in 17 populations across its range. Estimates of enzyme genetic diversity revealed a high degree of genetic subdivision ( F ST = 0.68), mainly attributable to the existence of two groups of populations. The groups were located, respectively, north and south of the Mondego River, indicating that this river coincided with a major historical barrier to gene flow. A significant decrease in genetic variability from the Mondego northwards was associated with the Douro and Minho rivers. mtDNA sequence variation revealed a congruent pattern of two haplotype groups ( d = 2.2%), with a geographical distribution resembling that of allozymes. The pattern and depth of genetic variation is consistent with the following hypotheses: (i) subdivision of an ancestral range of the species prior to the middle Pleistocene; (ii) secondary contact between populations representing historical refugia; (iii) relatively recent range expansion giving rise to the northern part of the species range; and (iv) loss of genetic variation through founder effects during range expansion across major rivers.
Introduction
Most organisms are distributed in a more or less spatially structured array of populations. This structure depends on the interaction between the ecological requirements of the species, its inherent ability for dispersal, and habitat availability. However, the genetic structure of populations is not only determined by current population dynamics, but also by historical patterns of gene flow, thus raising difficulties in separating the two factors. The smaller the influence of current population dynamics on the pattern of genetic variation the easier it will be to assess the history of populations and use it, along with information on past geological and climatic events, to reconstruct the historical biogeography of a species.
Salamanders are organisms with low mobility and strict ecological requirements, often subdivided into genetically isolated populations and, therefore, potentially suitable for studies of historical biogeography (Slatkin 1981; Larson et al . 1984) . Indeed, recent work on Ambystoma salamanders confirmed the importance of historical events in shaping the present-day distribution of genetic variation (Phillips 1994; Templeton et al . 1995) . The golden-striped salamander, Chioglossa lusitanica Bocage 1864, is a peculiar streamside species with a distribution restricted to northwestern Iberia. These salamanders are generally found in forested, low elevation mountainous areas, with high precipitation and mild winters, and exhibit a suite of morphophysiological traits that determine a strong dependence on brook vicinities and other moist habitats. This may result in a highly directional dispersal ability with gene flow occurring parallel rather than perpendicular to watercourses, through adults and juveniles following moist brook embankments and through larval drift (Arntzen 1981 (Arntzen , 1994 . In spite of the ecological constraints, the dense network of mountain streams in north-western Iberia renders its distribution continuous if considered on a 10-km square grid scale (Sequeira et al . 1996) . However, large streams and rivers do not constitute a regular habitat for C. lusitanica and could form barriers to gene flow roughly proportional to their size.
Our aims are to investigate patterns of genetic variation in C. lusitanica in order to reconstruct its historical biogeography and to evaluate implications for conservation. Preliminary work covering four populations and 21 allozyme loci revealed a high level of genetic substructuring (Alexandrino et al . 1997 ). Here we document the spatial distribution of allozyme and mtDNA variation in populations across the whole range of C. lusitanica , to examine the predictions that: (i) rivers are instrumental in shaping genetic structure in this species; and (ii) patterns of genetic diversity reflect the history of populations. We found evidence supportive of those predictions, allowing us to develop hypotheses that may explain the historical biogeography of the golden-striped salamander, notwithstanding a certain lack of knowledge concerning the north-western Iberian palaeoecology.
Materials and methods
Salamanders were collected from 17 localities across north-western Iberia covering the species range (Fig. 1) . Sample size was between 12 and 107. The tail end of each salamander was removed mimicking natural autotomy and frozen at -70 ° C. A tissue extract was obtained by grinding tail tissue in distilled water (1:3 w/v). The homogenate was centrifuged at 15 000 g for 7 min at 0 ° C. The supernatant was decanted and applied to either starch gels for electrophoresis (SGE) or to polyacrylamide gels for isoelectric focusing (IEF). Peptidase A (PEP-A), peptidase C (PEP-C), phosphogluconate dehydrogenase (PGD), alcohol dehydrogenase (ADH) and enzymes previously shown to be polymorphic (phosphoglucomutase 1, PGM-1; peptidase B, PEP-B; and peptidase D, PEP-D; Alexandrino et al . 1997) were scored for all populations. Alleles of ADH were resolved by isoelectric focusing a pH gradient established by the 1:1:3 mixture 5 -6, 5 -8 and 3.5 -10 pharmalytes (Pharmacia) at a final concentration of 6% (v/v). Phosphoric acid 0.25 m and sodium hydroxide 1 m were used as anodal and cathodal electrode solutions, respectively. Gels were prefocused for 1 h. An 8-µ L sample of tissue extract was applied to the gel using a silicone strip (Serva) placed at 15 mm from the cathode. Focusing was then performed for 3 h. Enzymatic detection of ADH was carried out following Harris & Hopkinson (1976) . Protocols for the other enzymes were those of Alexandrino et al . (1997) .
Allelic frequencies were determined by direct gene counting. Private alleles were defined as those observed in a single population. The Genetic Data Analysis computer program (Lewis & Zaykin 1999) was used: (i) to calculate the average number of alleles ( A ) and average expected heterozygosity ( H E ); (ii) to assess deviations from hypothesized Hardy-Weinberg equilibrium (by exact probability following Fisher's method in a Markovchain procedure); and (iii) to estimate Wright's F-statistics F , θ and f (estimators of F T , F ST and F IS , respectively) according to Weir & Cockerham (1984) , with associated bootstrap estimates for determination of the 95% confidence interval (CI). Hierarchical cluster analysis of populations ( upgma ) was carried out using phylip version 3.5 (Felsenstein 1993) with Cavalli-Sforza & Edwards (1967) chord genetic distances. Bootstrap replication values were determined to assess the strength of support from the data to the upgma -dendrogram. Non-hierarchical cluster analysis was carried out by multidimensional scaling (Lessa 1990 ) with the genetic distances using statistica (StatSoft 1993).
DNA was extracted from alcohol-preserved tissue following the protocol of Sambrook et al . (1989) . An 840-bp fragment of the Cyt b mtDNA gene was amplified via polymerase chain reaction (PCR) using the primers MVZ15 (Moritz et al . 1992; Tan & Wake 1995) and cytb702 (5 ′ -GGCAAATAGGAAGTATCATTCTG-3 Moritz et al . 1992, modified) . Samples were amplified through 35 cycles of denaturing for 90 s at 92 ° C, annealing for 60 s at 54 ° C and extending for 90 s at 72 ° C. Sequences were determined by automated sequencing in the ABI PRISM 310 Genetic Analyser (PE Applied Biosystems) following the ABI PRISM BigDye Terminator Cycle Sequencing protocols. Sequences of 329 bp, corresponding to 16 309 (5 ′ end) and 16 637 (3 ′ end) of the Xenopus laevis mtDNA (Roe et al . 1985) were obtained for 44 individuals (two to four specimens per population).
A phylogenetic analysis of mtDNA haplotypes with published sequence data for Mertensiella caucasica (Tarkhnishvili et al . 2000) and Salamandra salamandra (García-París et al . 1998 ) as outgroups, was carried out with paup version 3.1 (Swofford 1993) . A heuristic search with equal weighting for different character types (i.e. codon positions or transition/transversions) yielded a single tree and, because no homoplasy was observed within the ingroup, a single maximum parsimony network. Hierarchical cluster analysis of haplotypes ( upgma ) was carried out with Kimura two-parameter estimates of sequence divergence.
The significance of association between genetic variation and ecological and geographical distances was tested by partial Mantel tests ( rt version 2.0; Manly 1996) . Pairwise genetic distance, heterozygosity difference (absolute pairwise difference between H E values for populations) and allelic difference (absolute pairwise difference between A values for populations), for allozymes, and average haplotype sequence divergence (between haplotypes for each pair of populations), for mtDNA data, were used as dependent variables. Geographic distance was measured on 1:100 000 maps. Ecological distance was defined as the number of major rivers separating pairs of populations. The major rivers considered were those completely crossing the species range, i.e. Mondego, Douro and Minho/Sil (Fig. 1) .
Results

Allozyme variation
Allozyme polymorphisms. Genetic polymorphisms were newly described in four enzyme systems: ADH, PEP-A, PEP-C and PGD. Zymograms showed separate zones of activity for all enzymes. Polymorphisms were interpreted as determined by codominant alleles and the enzymatic systems examined as controlled by four structural loci. Two alleles were observed at Pep-A , three at Pep-C and PGD , and four at ADH . Four alleles ( PGM-1*1FV , PGM-1*1SV , PGM-1*5 and PEP-B*4 ) were newly described at loci known to be polymorphic (Alexandrino et al . 1997) , bringing the total at 28 alleles over seven loci. Statistically significant deviations from expected phenotypic distributions assuming the Hardy-Weinberg equilibrium were not observed. Enzyme phenotypes corresponded to expectations based on their reported quaternary structure in amphibians and other vertebrates (Harris & Hopkinson 1976; Wright & Richards 1982; Frick 1983; Matson 1989) . Allele frequencies and measures of genetic variability are given in Table 1 .
Allelic distribution and heterozygosity. Substantial differences in the allelic distributions were observed between populations south and north of the Mondego River, to which five loci contributed ( ADH , PEP-C , PEP-D , PGD , PGM-1 ). The loci ADH and PEP-D had alleles at high frequency in southern populations that were not observed in northern populations ( PEP-D*2 and ADH*2 ). The other three loci showed a similar but less differentiated pattern, with either alleles typical for southern populations present at low frequency in northern populations ( PGM-1*3F in populations 5 and 6, and PEP-C*2 in population 12), or with an allele at low frequency restricted to ( PGD*2 ) or shared with ( PGM-1*1F ) southern populations. Yet other alleles were found south of the Mondego only, at low frequency ( PEP-B*4 and PGM-1*3S ).
Populations located between the Mondego and the Douro (populations 5 -10) were characterized by possession at moderate to high frequency (0.28-0.82) of the PEP-B*2 allele, that was otherwise only detected in population 11 at low frequency. Populations 9 and 10, adjacent to the Douro, are further characterized by a high frequency of the allele PGM-1*2 . Portuguese populations located north of the river Douro and all Spanish populations showed little genetic variation (average H E 0.050 and 0.004, respectively), with up to nine alleles over seven loci. Eleven private alleles were detected and nine of these were found in populations from between Douro and Mondego. One low frequency allele was shared between two populations north and south of the Mondego (Table 1) . Expected heterozygosity ranged from low values for populations at the northern and southern ends of the species range to a maximum of 0.27 at locality 3 in the Lousã mountains (Table 1, Fig. 1 ). A significantly negative relationship was observed between H E and distance along a south-north axis ( r 2 = 0.82, P < 0.05), in the group of populations north of the Mondego (Fig. 2) . A similar result was obtained for A and geographical distance ( r 2 = 0.64, P < 0.05).
Genetic differentiation. F -statistics were estimated at F ( F IT ) = 0.679 ± 0.097 (CI = 0.538-0.848) θ ( F ST ) = 0.678 ± 0.088 (CI = 0.533 -0.845) and ƒ ( F IS ) = -0.005 ± 0.048 (CI = -0.051-0.210). These values were significantly different from zero except for the latter one. All loci revealed a high contribution to the overall θ with the exception of the less polymorphic PEP-A and PGD (results not shown).
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1.29 2.00 2.00 1.29 1.57 2.00 1.43 1.71 1.29 1.57 1.29 1.29 1.14 1.14 1.00 1.14 1.00 major groups, the separate status of which was strongly supported by the bootstrap analysis (Fig. 4) . Within group 2 populations four upgma-clusters were found with varying levels of bootstrap support (55-100%). On basis of the combined data (Figs 1, 3 and 4) we distinguish the following groups for practical purposes: group 2a (populations 5 -8); group 2b (populations 9 and 10); and group 2c (populations 11-17). Together groups 2a and 2b comprise the study populations located between the Mondego and the Douro, and group 2c comprises the populations north of the Douro.
Previously published data for populations 2, 10, 11 and 14 (Alexandrino et al. 1997) were taken into account to calculate Nei's (1978) genetic distance over 22 loci. The genetic distance between group 1 (represented by population 2) and group 2 (represented by populations 10, 11 and 14) averaged at 0.154 ± 0.023.
mtDNA variation
Fifteen variable positions defined 13 distinct haplotypes with sequence divergence ranging from 0.3% to 3.2% and an overall nucleotide diversity of 1.4%. Two nucleotide substitutions were observed at the first codon position, one at the second position, and 12 at the third position, underlying two aminoacid replacements (Table 2) .
Two sets of haplotypes were evident from the maximum parsimony network (Fig. 5A ) and an upgma-dendrogram (results not shown). Haplotypes h1-h8 (group A) and haplotypes h9-h13 (group B) differed by a minimum of four nucleotide substitutions and 2.2% average sequence divergence (d ). Within group A and group B, haplotypes were separated by single substitutions.
The phylogenetic analysis revealed a single most parsimonious tree with a total length of 147. Two monophyletic groups were found at the level of the root, one consisting 
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. c g c . . . g c c . . . . . -----1 -2 -1 1 2 2 4 2 2 2 h10 . c g c . . . g c c . of haplotype h4, and the other consisting of the remaining 12 haplotypes. Group B was defined by three synapomorphic character states (haplotypes h9-h13), with a high (98%) bootstrap replication score. No unambiguous support (< 56%) was found for the placement of the root, as long as group B remained monophyletic (Fig. 5B) . The geographical distribution of haplotypes was distinctly nonrandom. Haplotype h1 was observed in populations 3 and 5, haplotypes h2-h8 were observed in populations 1-5 and haplotypes h9-h13 were observed in populations 7-17. Only population 6 possessed haplotypes of the B as well as the non-B group (haplotypes h9 and h10 and haplotype 3, respectively; Table 2 ). The most frequently observed haplotype (h9, n = 19) was found in all populations north of the Mondego (except for populations 5 and 7), and was the only one detected in six out of seven populations north of the Douro. The other most frequent haplotype was found in populations adjacent to the Mondego (h3, n = 8; distance from Mondego < 55 km).
Association between genetic variation and geographical distance
Ecological distance and not geographical distance was significantly associated with enzyme genetic distance between populations (Table 3) . When ecological distance na -not applicable, ns -not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
was partitioned into its components (Mondego, Douro and Minho/Sil), the Mondego and not the other rivers were significantly associated with genetic distance. mtDNA divergence between populations was associated with ecological distance, the Mondego river in particular and, ambiguously, with geographical distance also. Within group 2 populations, genetic distance was significantly associated with ecological distance, as defined by the Douro river. Heterozygosity difference was associated with both Douro and Minho, and allelic difference was associated with the Douro. No significant association was found between mtDNA sequence divergence and any of the independent variables.
Discussion
Patterns of genetic diversity
Variation at seven polymorphic nuclear loci and the mtDNA cytochrome b cytoplasmic locus revealed remarkable levels of genetic substructuring in the salamander Chioglossa lusitanica. The observed overall enzyme genetic diversity was mainly attributable to differences between populations and largely partitioned over two spatially coherent groups of populations, distributed to the south (group 1) and to the north (group 2) of the Mondego River. A deep divergence was observed between group 1 and group 2 populations that were geographically close. Support for further subdivision within the northern group was spatially consistent but statistically weak with the exception of populations adjacent to the Douro River (group 2b). Estimates of F ST θ (= 0.68) were high compared to other organisms in general (Avise 1994 ) and just below the highest F ST value (0.80) reported among 22 species of salamanders . All loci, with the exception of two essentially uninformative ones (PEP-A and PGD), consistently described genetic variation partitioned between group 1 and group 2 populations. The high F ST value is, therefore, more likely to reflect isolation for extensive periods of time than continuing low levels of gene flow per generation (Larson 1984; Larson et al. 1984) .
Diverse values of genetic variability were observed both across group 1 and group 2 populations. Expected heterozygosity ranged from zero to 0.149, with the exception of population 3 (group 1) that exhibited an unusually high value (0.273). This resulted from intermediate allelic frequencies at otherwise nearly diagnostic loci, suggesting a recent admixture of genetically differentiated populations. Within group 2 populations, a marked decrease of genetic diversity was detected from south to north, both as measured by allelic diversity and observed heterozygosity. Moreover, both allelic diversity and heterozygosity decreased in steps coinciding with the rivers Douro and Minho/Sil, showing parallel variation at all loci, with the exception of PGD that is monomorphic within group 2 populations.
The geographical distribution of the mtDNA variants was generally concordant with the pattern shown by the enzyme nuclear loci. Two genetically different mtDNA haplotype groups (A and B) were observed in C. lusitanica. Unambiguous support was found for a monophyletic group of mtDNA haplotypes (group B), contrasting with uncertainty on the monophyly of the others (group A) and precluding the reconstruction of a hypothetical common ancestor. Doubts on position of the root notwithstanding, the geographical distribution of the group B haplotypes closely matched that of group 2 populations as defined by the enzyme data, suggesting a process of long-term independent evolution of this group 2-group B lineage.
The observed concordance of spatial genetic variation is more likely to result from the historical biogeography of the species than from current population dynamics or selection. Two mechanisms are invoked to explain the observations: (i) an historical fragmentation in the south of the species range; and (ii) a relatively recent range expansion resulting in (a) a decrease of genetic variation to the north and (b) an increase of genetic variation in the Mondego area upon secondary contact of populations.
Historical biogeography
Glacial refugia. The pattern of genetic variation suggests the former isolation of at least two population units in the southern part of the present-day species range. Following a 'molecular clock' argument and using clock calibrations for allozymes (0.05 -0.1 DNei/MY; Maxson & Maxson 1979; Thorpe 1982; Beerli et al. 1996) and cytochrome b in the Salamandridae (0.8% sequence divergence/MY; Tan & Wake 1995; Caccone et al. 1997 ) the observed differentiation between groups (DNei = 0.15, d = 2.2%) would correspond with a genetic isolation of 1.5 -3 MY, i.e. from the late Pliocene/early Pleistocene onwards. Given the timeframe involved, the major climatic and environmental changes that occurred during the Pleistocene appear to have determined the history of C. lusitanica. Unfortunately, the Pleistocene glaciations are not well documented for the Iberian Peninsula (except for some glaciated areas in northern and central Iberia -Ribeiro et al. 1987; Dias 1997; Vieira & Cordeiro 1998) . The present-day distribution of C. lusitanica is associated with a temperate climate and covering areas historically dominated by deciduous forest. It is, therefore, not unlikely that the species followed a southward regression similar to that of the deciduous forest as reconstructed for western Iberia by Zagwijn (1992) .
The two described population groups are separated by the Mondego suggesting that this river constituted a barrier to gene flow. Alternatively or additionally, dispersal between the groups may have been limited by a zone of unfavourable habitat associated with the river. The present-day distribution shows a marked constriction in this very area (Fig. 1) , where the Mondego valley is wide and constitutes a band of flat and dry landscape. Under adverse climatic conditions during the Pleistocene this may have contributed to a south-north separation as suggested by bioclimatic modelling (Teixeira 1999) .
The hypothesized refugia differ in the number of alleles that they support, being low in the southern refugium and high in the northern one. A more substantial loss of allelic diversity may have been caused by strong population bottlenecking (Leberg 1992 ) in a comparatively small southern refugial population. Additionally, the northern group may have been composed of several small refugial populations that, not being separated one from the other by major rivers, merged upon amelioration of the climate and resulting range expansions. The presence of a variety of private alleles in populations in between Mondego and Douro supports the hypothesis of multiple refugia in this area. The Montemuro region may have been one of these as evidenced by the high frequency of the alleles that characterize group 2b (PEP-B*2 and PGM-1*2). Range expansion and postglacial recolonization. The presentday distribution of C. lusitanica is continuous across the Mondego river (Fig. 1) . In combination with the identified refugia this suggests range expansion and secondary contact upon climatic amelioration following the Pleistocene. The presence of alleles characteristic for group 2 in a group 1 population (ADH*1, PEP-C*1, PEP-D*1 in population 3 from Lousã Mountains) suggests gene flow between the groups and helps to explain the high heterozygosity of that population (Fig. 2) . Similar observations were not made for neighbouring populations (e.g. population 2, also from the Lousã mountains) south of the Mondego, indicating that introgression has been spatially restricted. The presence of the allele PGM-1*3F and of non-B haplotypes in populations 5 and 6 suggests that introgression on the northern side of Mondego has also taken place. Differential introgression of genetic markers is not uncommon and has been observed both between nuclear loci and between nuclear and cytoplasmic loci (e.g. Hunt & Selander 1973; Gyllensten & Wilson 1987 ; for a review see Arnold 1997) . To address this issue in C. lusitanica would require an analysis at finer spatial scale documenting the position and shape of the contact zone.
In view of the long-term (1.5 -3.0 MY) independent evolution of two C. lusitanica lineages and the level of genetic differentiation achieved, it is tempting to speculate about their taxonomic status. A broad secondary contact zone, implying extensive introgressive hybridization, would be incompatible with species recognition under the biological species concept, but not incompatible with subspecies recognition, irrespective of the shape (clinal or stepped) the morphological variation takes ( J. Alexandrino, unpublished data).
The genetic composition of northern populations suggests that they were recently established and derived from a source located somewhere between the rivers Mondego and Douro. The range expansion proceeded to the north, following the habitat that had become newly available upon climatic amelioration. For group 1 populations range expansion to the south was problematic because of the specialized habitat requirements of the species, involving mountain brooks that are largely unavailable south of the inferred southern refugium.
The two-stepped loss of genetic variation coinciding with rivers Douro and Minho is a strong indication that rivers acted as barriers in the process of northern recolonization. The repeated founding of new populations by small numbers of animals would create, through drift, a pattern of genetic depauperation similar to the one we observed (Fig. 2) . The river barrier effect can, however, by no means have been absolute because northerly range expansion has been successful. The drift of larvae, discharged from mountain streams into the rivers, may be common in this species (Thiesmeier 1994) . Postmetamorphic salamanders must also be considered capable of crossing a river, accidentally or deliberately. More genetic markers than presently available would be required to investigate patterns of dispersal over a network of streams or to quantify salamander dispersal across and along rivers. Additionally, the availability of more highly variable genetic markers would alleviate the reduction of power that we experience in the analysis of populations with low variation at enzyme and mtDNA cytochrome b loci.
Implications for conservation
The effects of Pleistocene glaciations through fragmentation, isolation and differentiation, have been described throughout the northern hemisphere for a variety of organisms, including trees, insects, fish, salamanders and mammals (Highton & Webster 1976; Sage & Wolf 1986; Cooper et al. 1995; Dumolin-Lapègue et al. 1997; García-Marín et al. 1999) . Most studies report the preservation of high levels of genetic diversity in populations derived from southern refugia and the loss of genetic diversity in northern recolonized areas (Larson 1984; Avise 1994; Hewitt 1996; Taberlet et al. 1998) . However, few studies have addressed the consequences of Pleistocene climate change on the genetic architecture of organisms within any of the southern European refugia (Ragghianti & Wake 1986; Comes & Abbott 1998) . The spatial pattern of genetic variation in the fire salamander, Salamandra salamandra, Linnaeus 1758, suggested the presence of Pleistocene refugia in northern Iberia (Alcobendas et al. 1996; Dopazo et al. 1998 ). Our conclusion that northern Iberian populations resulted from a range expansion from the south argues against this scenario operating in C. lusitanica. Although Salamandra and Chioglossa are phylogenetically related (Titus & Larson 1995; Veith et al. 1998) , they are ecologically dissimilar (Klewen 1991; Arntzen 1999 ) and biogeographically disparate histories are to be expected. The example of C. lusitanica provided the evidence for an unexpected natural history of populations on the Iberian Peninsula. The challenge is to evaluate to which extent other organisms with different, less explicit ecological requirements, show the same or similar patterns of fragmentation and dispersal. We anticipate that the diversity uncovered through such studies will have profound implications for the conservation of biodiversity in southern Europe.
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